Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant muscular disorder with a wide clinical variability. Contractions of the D4Z4 macrosatellite repeat on chromosome 4q35 are the molecular basis of the pathophysiology. Recently, in a subset of patients without D4Z4 repeat contractions, variants in the SMCHD1 gene have been identified that lead to hypomethylation of D4Z4 and thus DUX4 transcription, which causes FSHD type 2. In this study, we have screened 55 FSHD1-negative and 40 FSHD1-positive patients from unrelated families for potentially pathogenic variants in SMCHD1 by nextgeneration sequencing (NGS). We identified variants in SMCHD1 in 11 index patients, including missense, splice site and nonsense mutations. We developed a pyrosequencing assay to determine the methylation status of the D4Z4 repeat array and found significantly lower methylation levels for FSHD2 patients than for healthy controls and FSHD1 patients. Two out of eleven SMCHD1 mutation carriers had moderately contracted D4Z4 alleles thus these patients are suffering from FSHD1 and 2. Comparing the phenotype of patients, all FSHD2 patients were relatively mildly affected while patients with FSHD1+2 were much more severely affected than expected from their D4Z4 copy number. Our findings confirm the role of SMCHD1 mutations in FSHD2 and as a modifier of disease severity. With SMCHD1 variants found in 16.4% of phenotypic FSHD patients without D4Z4 repeat contractions, the incidence of FSHD2 is rather high and hence we suggest including sequencing of SMCHD1, haplotyping and methylation analysis in the workflow of molecular FSHD diagnostics.
INTRODUCTION
Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common autosomal dominant muscular dystrophies with an estimated prevalence of 1:20 000, second only to the myotonic dystrophies. 1, 2 Clinically, FSHD is characterized by weakness of facial, shoulder girdle and upper arm muscles, later on affecting also the pelvic girdle and foot extensors. Symptoms typically start in the second decade of life, muscular weakness and atrophy are often asymmetric and slowly progressive. A wide variation in disease severity is observed ranging from asymptomatic carriers to wheelchair dependency. [3] [4] [5] The classic form of FSHD, FSHD1 (OMIM #158900), has been associated with a contraction of the polymorphic macrosatellite repeat D4Z4 in the subtelomeric region of chromosome 4q35. 6, 7 Normal individuals show 11-150 repeat units of 3.3 kb in size each, arranged head-to-tail, whereas in affected individuals the repeat is truncated to 10 or less units. 7, 8 At least one repeat unit is required for developing FSHD. 9 For diagnostic purposes of FSHD1, D4Z4 repeat length is determined by Southern blotting. The probe p13E-11 binds to a specific locus proximal to the D4Z4 repeat array. 7 Combined restriction enzyme digestion with the enzymes EcoRI, EcoRI/BlnI and XapI allows differentiating the repeat array on chromosome 4q35 from the homologous repeat region on chromosome 10q26. 10, 11 Contractions on 10q are not associated with the disease. 11, 12 In about 5% of patients fulfilling the clinical criteria of FSHD, no contraction of the D4Z4 repeat array can be found. No clinical signs have been identified yet to distinguish these patients from FSHD1. This second form has been termed as FSHD2 (OMIM #158901). 13 Recently, Lemmers et al [14] [15] [16] have presented a genetic model for FSHD as a disorder requiring two genetic modifications. According to this model, in both, FSHD1 and FSHD2, a permissive genetic background on chromosome 4q is required to develop the disease. The FSHD permissive allele shows the proximal haplotype A containing the pLAM region with a polyadenylation signal and an SSLP (simple sequence length polymorphism), resulting in the permissive haplotypes 4qA159, 4qA161, 4qA166H and 4qA168. With a frequency of 86% the 4qA161 haplotype is the most common variant among 4qA alleles. Each D4Z4 repeat unit encodes a copy of the retrogene DUX4 (MIM *606009), a germline transcription factor that is normally repressed in somatic cells most likely by a mechanism of heterochromatin condensation. [17] [18] [19] Ectopic DUX4 expression in skeletal muscle is highly cytotoxic and causes muscle cell death. In healthy individuals with a 'full length' repeat array (410 copies) of D4Z4, the transcription of DUX4 is suppressed by a condensed heterochromatin structure of the surrounding genomic region. [20] [21] [22] For FSHD1, the second genetic component required is a contraction of D4Z4 repeats to less than 10 units. 10 This is associated with hypomethylation of the D4Z4 repeat array and a relaxation of the chromatin structure allowing for transcription of DUX4. 16, 22 On an FSHD permissive haplotype, the most distal copy of DUX4 uses the polyadenylation signal of the adjoining pLAM region whereby this transcript is stabilized. 18 Thus, this genomic background is now permissive for the expression of DUX4. 16 As the second component in FSHD2, Lemmers et al 23 have identified mutations in the gene SMCHD1 (structural maintenance of chromosomes flexible hinge domain containing 1, MIM *614982). Like in FSHD1, an FSHD permissive genetic background is required in addition to develop the disease. Since both genetic components of FSHD2, FSHD permissive haplotype and SMCHD1 are located on different chromosomes, they segregate independently in affected families by a truly codominant digenic inheritance.
The SMCHD1 gene is localized on chromosome 18p11.32, encodes 48 exons and its product is known to be involved in chromosome condensation and cohesion. It has a role in X inactivation and repression of genes through methylation. It was shown that homozygous loss-of-function mutations in SMCHD1 are lethal in mice. [24] [25] [26] Heterozygous loss-of-function mutations in SMCHD1 are viable in the mouse model and seem to have an effect on the chromatin structure of the D4Z4 locus resulting in D4Z4 hypomethylation and somatic derepression of DUX4 transcription in FSHD2 patients. 22, 24 In combination with the FSHD-permissive haplotype, haploinsufficiency of SMCHD1 results in expression of DUX4. 23 In this study, we analyzed two cohorts of patients with typical clinical FSHD phenotypes for the genetic features of FSHD2. The first group of 55 unrelated patients had clinically 'classical' FSHD but no contraction in the D4Z4 repeat array (group A). In a second cohort of 40 patients diagnosed as FSHD1 by D4Z4 repeat contractions, we tested for variants in SMCHD1 as potential modifiers of disease severity (group B). This cohort included a subgroup of eight patients with contractions in D4Z4 (2-9 repeats) and particularly severe phenotypes, two with unusual Southern blot results and a group of 30 patients with a borderline number (10 or 11) of D4Z4 repeats showing distinct clinical symptoms. We characterized the genetic background of these patients including the number of repeat units, the haplotype 4qA161 and the methylation status of the D4Z4 repeat array.
On the basis of these results, we present a modified diagnostic approach for FSHD type 1 and 2.
PATIENTS AND METHODS Patients
To study the role of SMCHD1 in FSHD, we selected 55 unrelated index patients excluded from having FSHD1 by Southern blotting in our routine diagnostic service, but showing a 'classical' FSHD phenotype as assessed by experienced neurologists according to the diagnostic criteria of Padberg et al 3 (group A).
In a second group of 40 FSHD1 patients with D4Z4 repeat contractions, we analyzed 30 patients with a borderline number of repeat units, that is, 10 or 11 repeats, in view of the reduced penetrance of such alleles, 2 patients with an unusual Southern blot result suggesting hybrid 4q/10q alleles and 8 patients showing a more severe phenotype than expected from the number of repeat units detected (2-9 repeats, group B). Available relatives of patients diagnosed as FSHD2 were analyzed to confirm segregation of the identified SMCHD1 variants.
Informed consent for genetic analyses was given by all patients and available family members. In Table 1 , the clinical presentation of all index patients tested positive for FSHD2 is summarized. Figure 1a shows the typical muscular weakness of the shoulder girdle in an FSHD2 patient, and in Figure 1b 
4qA161 haplotyping
The subtelomeric 4q haplotype was characterized by the single-nucleotide polymorphism (SNP) assay published by Tsumagari et al. 27 The assay uses PCR and a restriction fragment length polymorphism proximal to the D4Z4 repeat locus. This assay distinguishes the most common permissive haplotype 4qA161 from non-4qA161 alleles but cannot detect other permissive alleles or differentiate between one or two 4qA161 alleles nor give the information on which allele the haplotype is located.
Sequencing of the SMCHD1 gene and data analysis
All 48 exons of the SMCHD1 gene were sequenced by next-generation sequencing (NGS) on the 454 GS Junior platform (Roche Diagnostics, Mannheim, Germany). 28 For target enrichment, the Access Array System of Fluidigm (South San Francisco, CA, USA) was used that allows parallel amplification of 48 target regions for 48 samples in one single PCR setup. 29 For sequencing of SMCHD1, up to 24 patients were processed in parallel to obtain a coverage of 420x for all exons (except for exon 1). NGS data were evaluated with the software GensearchNGS (PhenoSystems, Lillois Witterzée, Belgium) using the reference sequence GRCh37 (hg19) and SMCHD1 transcript NM_015295.2. Alignment settings: allowed error rate: 8, maximum indel length: 12. Variant filter settings: minimum coverage: 4, frequency: ≥ 20%, nearest exon distance:o21 bp. All sequence variants detected and all amplicons with a coverage of o20x were verified by Sanger sequencing using the Fluidigm primers and standard methods. The interpretation of findings was done by database research using the Alamut software package (Interactive Biosoftware, Rouen, France) including sequence conservation comparison (SIFT 30 ), pathogenicity prediction of cDNA variation (UMD Predictor 31 ) and Grantham score assessment (PolyPhen-2 32 and MutationTaster 33 ). Splice site prediction was performed using five different prediction tools provided by Alamut: SplicesiteFinder-like (Alamut-specific tool), MaxEntScan, 34 NNSPLICE, 35 GeneSplicer 36 and Human Splicing Finder. 37 Variants and phenotypes were submitted to the public gene variant database LOVD (http://www.LOVD.nl/SMCHD1) with DB IDs SMCHD1_ 00003 and SMCHD1_00053-00061.
D4Z4 methylation analysis
Analysis of the methylation status of the D4Z4 repeat array was done by two different techniques.
The D4Z4 methylation of the most proximal D4Z4 repeat unit was analyzed by Southern blotting hybridized with probe p13E-11 after digestion with the methylation sensitive restriction enzyme FseI as described previously. 23, 38 This assay tests for the methylation status of only one single CpG site and does not distinguish between chromosomes 4q and 10q (Figure 2a ). Probe signals were evaluated and quantified using a phosphorimager and ImageQuant software (GE Healthcare, Fairfield, CT, USA).
Previously, Hartweck et al reported a domain of extreme demethylation within D4Z4. 39, 40 On the basis of these findings, we established a pyrosequencing assay that covers parts of the DR1 domain described by these authors to analyze methylation levels on internal repeat units of D4Z4. DNA was treated with bisulfite for conversion of unmethylated cytosines using the Epi Tect 96 Bisulfite Kit (Qiagen, Hilden, Germany). Primers were designed within the DR1 region using the PyroMark Assay Design 2.0 software (Qiagen). For amplification and pyrosequencing, the following primer set was used: FSHD2-forward: GGGTTGAGGGTTGGGTTTATA, FSHD2-reverse: ACAAA ACTCAACCTAAAAATATAC biotinylated, FSHD2-sequencing: GGGTTG GGTTTATAGT (fragment length 172 bp, chromosome position chr4: 190987949-190988113, containing 18 CpGs of which 9 can be analyzed reliably by this assay). Fragments were amplified with Platinum Taq Polymerase (Invitrogen, Life Technologies GmbH, Darmstadt, Germany) using the following PCR conditions: initial denaturation 3 min 95°C, 35 cycles of 30 s 95°C, 30 s 59°C, 20 s 72°C, final elongation 3 min 72°C. The used primers do not differentiate between chromosomes 4q and 10q because of the high sequence homology of the loci. Pyrosequencing was performed using the PyroMark Q96 MD Pyrosequencing System (Biotage, Uppsala, Sweden) with the PyroMark Gold Q96 CDT Reagents Kit (Qiagen). Evaluation of the data was done with the Q-CpG software (Biotage). Statistical evaluation was performed with the SPSS Statistics software (IBM, Ehningen, Germany).
RESULTS

4qA161 haplotyping
Of the 95 index patients in this study, 79 individuals were positive for the FSHD-permissive haplotype 4qA161 as determined by the SNP assay of Tsumagari et al 27 and were therefore included in the NGS analysis (44 individuals from group A and 35 from group B).
Sequencing of the SMCHD1 gene After target enrichment and amplicon sequencing, the obtained data were analyzed with the software GenSearch NGS (PhenoSystems). Except for exon 1, all exons were well covered (coverage 420x) with a mean coverage of 73 (min. 0, max. 364). Exon 1 and single failed exons with a coverage of o20x (8% of all exons sequenced) were analyzed by Sanger sequencing.
Among the 79 individuals with an FSHD-permissive haplotype, we identified heterozygous variants in the SMCHD1 gene by NGS in 11 index patients (9 in group A and 2 in group B), all were confirmed by Sanger sequencing and pathogenicity was assessed using the software package Alamut (Interactive Biosoftware). The results are summarized in Table 2 . All but one variant were not known in public databases (dbSNP138, http://www.ncbi.nlm.nih.gov/SNP/ and 1000 Genomes Project 41 ) while variant c.3274_3276+2del (c.3276_3276+4del according to HGVS nomenclature) in exon 25 has been reported as pathogenic by Lemmers et al. 23 The latter represents a splice site Gly478Glu) ), the pathogenicity scores are slightly lower (see Table 2 ).
D4Z4 methylation assay
For all patients in the study, a methylation analysis was performed to investigate the methylation levels of the D4Z4 repeat array. The methylation-sensitive Southern blot showed methylation levels of ≤ 25% for all tested patients with potentially pathogenic variants in SMCHD1. For our pyrosequencing assay, patients were divided into four groups according to their diagnostic results: FSHD-like patients negative for FSHD1 and FSHD2, FSHD1 patients, FSHD2 patients and FSHD1+2 patients. In addition, we analyzed 48 healthy controls. The methylation levels in healthy individuals ranged from 30 to 65%, while FSHD2 patients had the lowest levels with 5-27% methylation. FSHD1 patients show methylation levels of 14-64%. The few patients with mutations in both FSHD loci (FSHD1+2) were ranging between 13 and 33% methylation. For FSHD-like patients (FSHD1 and 2 negative) a methylation of 31-74% was found, which is in the range of healthy controls. Methylation levels for both applied techniques are summarized in Figure 2a and b.
Segregation analysis
Family members were available from four SMCHD1 variant carriers for studying the segregation within the family. Probands were tested for the familial SMCHD1 variant, the 4qA161 haplotype and the methylation status of the D4Z4 region. The results are given in Figure 3a in the form of pedigrees.
DISCUSSION
In this study, we analyzed two cohorts of unrelated FSHD index cases, 55 of them with normal (411 copies, group A) and 40 with contracted D4Z4 repeats (o11 copies, group B). We investigated all parameters relevant for FSHD2 as suggested in previous publications: the presence of the most common permissive haplotype 4qA161, Gly478Glu) ) in patient FSHD2-08, pathogenicity scores are slightly lower. Therefore, an additional family member was analyzed to investigate the segregation of the variant. The variant was also present in this second affected relative. The low methylation levels of the D4Z4 locus found for both patients support the pathogenicity of this variant (Figure 2a) .
Variant c.3276_3276+4del found in patient FSHD2-10 is predicted to induce cryptic splicing, skipping of exon 25 and disruption of the open reading frame in the mRNA (p. (Val1093Leufs*26) ). It has been reported before as pathogenic for two unrelated patients. 23 The very same splice site of exon 25 is affected by variant c.3274_3276+1del found in patients FSHD2-13 and FSHD-120. From the functional point of view, the effect should be similar to the variant reported by Lemmers et al, 23 that is, skipping of exon 25. Figure 4 gives an overview of all pathogenic variants published for SMCHD1 to date. Altogether, variants are spread all over the gene. There are two regions with a high density of variants, exon 12 and exon 25. Small deletions in the 3′ region of exon 25 were found in five unrelated families. 23 From these findings, a mutational hotspot or a founder effect could be suspected, but nothing is known about the ancestry of the patients. SMCHD1 has two highly conserved domains at the beginning and the end of the amino-acid chain (see Figure 4) . Two variants were reported within the highly conserved ATPase domain (amino acids 111-364). Patients were described to be mildly to moderately affected. 23, 38 Variant c.328G4A (p.(Ala110Thr)) is located directly proximal to the ATPase domain, the patient (FSHD2-131) shows very mild symptoms with a late onset at the age of 60. were already reported before (p.Tyr434*, p.Asp537Ilafs*10, c.1647+ 103A4G, p.Ser1580fs). 23, 42 Comparing the effect of variants with the phenotype, all FSHD2 patients in our first cohort show the typical FSHD distribution of muscle weakness, with a reportedly slow progression of the disease (Table 1) . None of the patients had a disease onset in childhood but in the second decade of life or later. Notably, the phenotype of the patients carrying truncation variants is not more severe than in patients with missense mutations. These results suggest that neither mutations in the ATPase domain, nor loss of the SMC's hinge domain result in an aggravation of the phenotype. Little is known about the functional domains of SMCHD1, but if any stable protein is being synthesized apparently this does not impair the phenotype. Hence haploinsufficiency of the remaining intact SMCHD1 allele seems to be the pathomechanism underlying FSHD2.
By screening a number of 40 patients with contractions in D4Z4, we found two unrelated FSHD1 patients (both with 10 D4Z4 repeat units The methylation levels of D4Z4 for the FSHD2 patients are summarized in Figure 2 . The methylation-sensitive Southern blot shows a methylation level for affected patients of ≤ 25% in full agreement with previous findings. 23 This test analyzes only a single CpG at the first D4Z4 unit on chromosomes 4 and 10 ( Figure 2a) . Our pyrosequencing assay is focused on a different locus, namely a series of nine CpGs within the previously reported DR1 region, on each D4Z4 unit of chromosomes 4 and 10. 40 Thus, the pyrosequencing assay gives the methylation status of internal repeat units, whereas the Southern blot investigates only the first repeat unit. This is likely to be the reason for variances of methylation levels observed between the two methods ( Figure 2c) . Nevertheless, the pyrosequencing assay shows a significant difference between FSHD2 patients (13.31 ± 5.86%) and controls (47.67 ± 8.05%; P-valueo0.0001) as well as between FSHD2 and FSHD1 (40.16 ± 11.56%; P-value o0.0001). FSHD-like patients (negative for FSHD1 and 2) show a methylation level in the range of the healthy control group (53.12 ± 10.32%), significantly different from FSHD1 and FSHD2. These patients likely suffer from a different muscle disease. The three patients diagnosed as FSHD1+2 are not included in Figure 1b . Their methylation levels are 33% (FSHD2-89 II-1), 13% (FSHD2-89 II-2) and 16% (FSHD2-92). While the results of the pyrosequencing methylation test are comparable to the methylation-sensitive Southern blot, the former is far easier and faster to perform.
Patient FSHD2-38 I.2 ( Figure 3a) shows all three genetic findings required for FSHD2, haplotype 4qA161, hypomethylation to a level of 15% and a causal variant in SMCHD1. Upon neurological examination, however, the patient did not display any myopathic signs. His affected daughter showed typical signs of FSHD like facial weakness and scapulae alatae with an age of onset at 40 years (Table 1) . This family confirms the incomplete penetrance of FSHD2. 23 The relevance of the methylation status for disease manifestation is illustrated by family FSHD2-89 (see Figure 3a) . The female index patient (FSHD2-89_II.2) showed first symptoms at the age of 11 with a muscle weakness pattern typical for FSHD. Her older brother had no obvious myopathic signs at the age of 26. Both parents could not be examined neurologically but reportedly have a normal muscle status. The index patient (FSHD2-89_II.2) carries 10 D4Z4 repeats, the FSHD permissive haplotype 4qA161, a pathogenic variant in SMCHD1 and a methylation level of 13%. She is, therefore, affected by FSHD1 and FSHD2. Her healthy brother (II.1) shares the SMCHD1 variant, the 4qA161 haplotype and the 10 D4Z4 repeats but has a methylation level of 33%, well above the upper limit for all other FSHD2 patients (compare Figure 1b, FSHD2 ). Her father (I.1) carries the SMCHD1 variant but lacks the permissive haplotype and the D4Z4 contraction. His methylation level is in the normal range (39%). Her mother (I.2) has the D4Z4 contraction on the 4qA161 haplotype but no SMCHD1 variant and normal methylation status (38%). Thus, only the index patient fulfills all criteria for FSHD1+FSHD2 while both her brother and father lack one and two factors, respectively, required for manifesting FSHD2. The mother may be a case of reduced penetrance for FSHD1 as is frequently observed especially in individuals with 10 D4Z4 repeat copies. 43, 44 Incomplete penetrance was previously reported for FSHD. In Italy, a frequency of 1.2% was observed for the permissive FSHD allele associated with a D4Z4 contraction in the general population. 45 For FSHD2, 19% of patients showing all three disease criteria were not affected. 23 Another aspect is the known clinical variability even within the families that was already observed by the first describers of the disease, Landouzy and Dejerine in 1886. 46 Mutations in SMCHD1 explain only a fraction of patients with typical FSHD phenotype and no D4Z4 contraction. These findings give rise to the assumption for other genetic, epigenetic or environmental disease modifiers in FSHD. In this situation, genetic counselling in FSHD2 pedigrees poses a challenge. Even with a truly co-dominant inheritance of a 4qA permissive haplotype and a SMCHD1 mutation, the recurrence risk will depend on the degree of relation to the index patient, not accounting for non-Mendelian factors.
The results of our study confirm mutations in SMCHD1 as causative prerequisite for FSHD2 and a modifier of disease severity in FSHD1. 23, 42 With the detection of potentially pathogenic SMCHD1 Figure 4 Mutations in SMCHD1. All mutations in the gene SMCHD1 known to date are compiled. Exons are indicated with boxes (5′ splice site I +0, 4+1, o+2. 3' splice site I +0, 4 − 1, o − 2), the SMCHD1 conserved protein domains are marked with arrows. The listed mutations were published by 1 Lemmers et al, 23 2 Mitsuhashi et al, 47 3 Sacconi et al 42 and 4 the present study. Mutations are spread all over the gene, not sparing any of the functional domains of the protein.
variants in 16.4% (9 out of 55) of FSHD1-negative cases, FSHD2 contributes significantly to the clinical phenotype. In our second cohort of FSHD1-positive patients, 5% (2 out of 40) of cases showed potentially pathogenic variants in SMCHD1, which therefore appears to be a modifier of disease severity in patients with D4Z4 contractions. Hence we propose to extend the routine FSHD diagnostics by the three tests for FSHD2, that is, haplotype characterization, methylation status of D4Z4 and mutation screening of SMCHD1. Our suggested diagnostic workflow is depicted in Figure 5 . For clinical interpretation, all genetic data are needed including D4Z4 repeat size, the presence of an FSHD permissive allele, the methylation level of D4Z4 and mutations in SMCHD1. With the genetic data at hand, it appears worthwhile to re-examine the clinical features of FSHD2 patients with the aim of eventually refining the clinical diagnostic algorithm. Figure 5 Diagnostic workflow for FSHD. Suggestion for a diagnostic workflow for patients with a typical FSHD phenotype. Up to 95% of FSHD cases can be explained by contractions in the D4Z4 repeat array, for the remaining cases FSHD2 should be investigated. The dotted lines indicate the suggested diagnostic workflow for FSHD1 patients with a severe phenotype investigating FSHD1 plus FSHD2. Special cases like p13E-11 deletions or hybrid alleles are not considered, but should always be kept in mind. 48 SMCHD1 mutations in FSHD M Larsen et al
